ABSTRACT Broiler chicks were fed a diet containing
INTRODUCTION
Coccidiosis is a disease of poultry caused by protozoan parasites of the species Eimeria. Coccidial infection can result in gastrointestinal tract lesions, which, in turn, result in decreased performance (Ruff and Allen, 1990) . The immune response to a coccidial infection is primarily mediated by pro-inflammatory phagocytic cells recruited to the site of infection (Tellez et al., 1994) , although antibodies also play a role (Zigterman et al., 1993) .
Pro-inflammatory cells, including polymorphonuclear cells, lymphocytes, large mononuclear cells (Rose et al., 1979) , and heterophils (Tellez et al., 1994) , are recruited to the site of inflammation by various mediators. In mammals, leukotriene B 4 (LTB 4 ) is important in stimulating chemotaxis and recruiting of immune cells (Lee et al., 1985) and increasing neutrophil aggregation, enzyme release, reactive oxygen intermediate production (Showell et al., 1982) , and neutrophil-endothelial cell adhesion (Hoover et al., 1984) . The avian heterophil is the functional equivalent of the mammalian neutrophil (Andreasen et al., 1993) . Leukotriene B 4 is synthesized from arachidonic acid through a series of reactions, the initial step of which is catalyzed by 5-lipoxygenase (Sperling, 1991) . Lofrin 3 {A-76745; 3-[2-(4-fluorophenoxy)phenyl]-1-methyl-2-propanyl-N-hydroxyurea; molecular weight 314.31} is a potent, reversible and selective inhibitor of 5-lipoxygenase with inhibitory concentration (IC) 50 values ranging from 80 to 1,100 nM (D. J. Fidler, 1995 , Abbott Laboratories, 1401 .
Dietary fish oil has been shown in mammals to decrease inflammatory cell production of LTB 4 (Spurney 4 Petersime Incubator Co., Gettysburg, OH 45328. 5 Nutrients and their levels were those recommended for the practical reference diet (NRC, 1994) . 6 Solvay Animal Health, Mendota Heights, MN 55120.
TABLE 1. Fatty acid composition of experimental diets
1 Fatty acids are given as number of carbon atoms: number of double bonds, followed by the position of the first double bond relative to the end methyl carbon (n); ND = not detectable.
2 Sum of (n-3) polyunsaturated fatty acids (PUFA) , C 20:5(n-3) , C 20:6(n-3) , and C 22:6(n-3) ].
3 Sum of (n-6) PUFA , C 18:3(n-6) , C 20:2(n-6) , C 20:4(n-6) , C 22:4(n-6) , and C 22:5(n-6) ] . 4 Ratio of (n-3):(n-6) PUFA. 5 Sum of saturated fatty acids (SC 14:0 , C 16:0 , C 18:0 , C 20:0 , C 22:0 , and C 24:0 ). 6 Sum of monounsaturated fatty acids [SC 16:1 , , and C 18:1(n-7) , C 20:1 and C 24:1 ].
7 Sum of PUFA [SC 18:2(n-6) , C 18:3(n-6) , C 18:3(n-3) , C 20:2 , C 20:3(n-6) , C 20:4(n-6) , C 20:5(n-3) , C 22:2 , C 22:4(n-6) , C 22:5(n-6) , C 22:5(n-3) , and C 22: al., 1994) , and increase the production of LTB 5 (Miller et al., 1993) . Fish oil is high in long chain (n-3) polyunsaturated fatty acids (PUFA), which modify both the quantity and diversity of eicosanoids produced. The LTB 5 produced from (n-3) PUFA precursors is 1/8 as potent a chemotactic agent as the LTB 4 produced from (n-6) PUFA precursors (Lee et al., 1984) . Dietary fish oil also decreases the production of the prostaglandins via the cyclooxygenase (CO) pathway (Broughton et al., 1991; Haynes et al., 1992) . Prostaglandin E mediates the production and function of pro-inflammatory cytokines (Kunkel et al., 1987; Davidson et al., 1990; Cooper and Rothwell, 1993) . Although far less work has been done in Aves, dietary fish oil has been shown to alter eicosanoid production by chicken leukocytes (Fritsche and Cassity, 1992) . Infection of chickens with coccidial parasites results in increased macrophage production of pro-inflammatory mediators such as interleukin-1 (IL-1) and tumor necrosis factor-a (TNF) (Byrnes et al., 1993) . These cytokines have local chemotactic and systemic effects that can induce anorexia and cachexia, thereby decreasing the productivity of birds (reviewed by Klasing, 1994) . Decreasing production of LTB 4 at the site of infection might decrease the influx of pro-inflammatory cells and decrease the release of pro-inflammatory mediators, minimizing the growth-suppressive effects of a coccidial infection. However, decreasing the influx of these protective cells to the site of infection might be expected to impair the immune response to the pathogen and promote pathology. This study examined the effects of two putative methods of decreasing chicken LTB 4 production on the performance and inflammatory responses of broilers to a mild coccidial challenge.
MATERIALS AND METHODS
Three-day-old broiler chicks (n = 200, average weight of 68.9 g) were selected from a twofold larger population (to minimize variability in group weight) and assigned (5 chicks per pen) to 40 pens in Petersime brooder batteries. 4 Chicks were fed either of two experimental diets, which were identical except for the inclusion of 4 g/100 g of either corn oil or menhaden fish oil. Diets were similar to the NRC (1994) Practical Reference Diet for Chickens and contained: ground corn (56.86 g/100 g diet), soybean meal (34.91 g/100 g diet; soybean meal contained 48.5 g CP/100 g diet), dicalcium phosphate (2.00 g/100 g diet), limestone (1.00 g/100 g diet), NaCl (0.50 g/100 g diet), DL-methionine (0.25 g/ 100 g diet), vitamins 5 (0.25 g/100 g diet), and minerals 5 (0.25 g/100 g diet). To the corn oil diets, 3.99 g/100 g corn oil was added; to the fish oil diets, 3.99 g/100 g menhaden fish oil was added. Diets were formulated to contain 21.65% CP; the ME of the corn oil diet was calculated to be 3,184.60 kcal/kg, and that of the fish oil diet 3,113.42 kcal/kg. Diets were formulated to meet or exceed the nutrient recommendations for poultry of the NRC (1994) for all nutrients. Fatty acid composition of the diets is given in Table 1 .
Each diet was fed to chicks in 20 pens from Day 3 to 14. On Day 14, 10 pens of chicks within each dietary treatment were fed the corresponding basal diet to which 33 mg/kg of the experimental 5-LO blocker, Lofrin, was added. The remaining 10 pens within each dietary treatment did not receive any drug and were designated as the control pens. At 23 d of age, five pens per diet-drug treatment group were dosed with 4.6 × 10 4 sporulated Eimeria tenella oocysts. 6 The remaining five pens per diet-drug treatment group served as the uninfected controls. On Day 27, blood was drawn from three chicks per pen via cardiac puncture, and the chicks were killed by cervical dislocation. Livers were weighed, removed, and frozen at -20 C. Ceca were removed from the three birds per pen, rinsed with saline, and fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 6 mm, and stained with hematoxylin and eosin (Luna, 1968) . Six cecal sections from each pen were mounted on a single slide and each section was assigned a score. The mean score was then determined for each slide. Scores were assessed as follows: 0 = no lesions; 1 = mild inflammatory cell infiltrate in the mucosa with intact epithelium and no submucosal or muscularis involvement; 2 = extensive mucosal inflammatory cell infiltration and submucosal edema; 3 = as described in (2) above with inflammatory cell infiltration extending into the muscularis; and 4 = destruction of mucosa with necrosis and hemorrhage.
Fatty acid composition of the livers as well as the diets were analyzed. Approximately 1 g of tissue or 5 g of feed was placed in a glass culture tube, and 100 mg phosphatidylcholine dipentadecanoyl 7 was added at as an internal standard. Samples were homogenized in 5 mL chloroform:methanol (2:1) containing 0.05% butylated hydroxytoluene. Three milliliters of 0.1 M KCl were added, and the samples were vortexed, and then centrifuged for 5 min at 1,000 × g. The solvent phase was removed and placed in a separate tube, and the KCl washing and solvent removal was repeated. The combined solvent phases were taken to dryness under a stream of nitrogen. Fatty acid methyl esters (FAME) were formed by adding 500 mL of 3N methanolic HCl, 8 sealing the vials under nitrogen, and incubating at 65 C for 16 h. Samples of FAME (2 mL) were injected into a Hewlett-Packard 5890A gas chromatograph 9 equipped with a 30 m × 0.25 mm inside diameter column. 10 The carrier gas, hydrogen, was maintained at a flow rate of 1 mL/min through the column. Initial oven temperature was 170 C and increased by 5 C/min to 210 C. At this point, temperature was increased to 240 C at 30 C/min. The separated fatty acids were identified by comparing relative retention times to a standard. 11 Results are given as percentage of total fatty acids, and were determined using a Hewlett-Packard 3392A integrator.
Plasma was assayed for circulating TNF activity by cytotoxicity to L929 cells as described by Klasing and Peng (1990) . Samples were diluted 1:10 in Eagle's minimal essential medium containing Actinomycin D at a final concentration of 1 mg/mL. Samples were assayed in quadruplicate, and standards consisting of serial dilutions of a known quantity of recombinant human TNF 12 were run on each 96-well plate. Circulating levels of the acute phase protein hemopexin were determined by rocket immunoelectrophoresis (Axelsen and Bock, 1983 ) using a rabbit anti-chicken hemopexin antibody. Plasma samples for hemopexin were run in duplicate. A reference sample was run in duplicate on each gel to act as a standard; rocket height of each sample was measured and expressed as a ratio of the standard. Body weight gain and feed consumption were measured, and feed conversion efficiency (FCE; grams of gain:grams of feed consumed) calculated throughout the experiment.
Statistical Analysis
The pen was the experimental unit for this experiment. All data were analyzed using the GLM procedure of SAS ® (SAS Institute, 1990) . From Day 3 to 14, the performance data were analyzed by one-way ANOVA, with diet as the main effect. Performance data from Day 15 to 23 were analyzed by two-way ANOVA, with diet and Lofrin treatments as main effects, as well as by one-way ANOVA, with diet-Lofrin treatment as the main effect. Performance data from Days 24 to 27 and 3 to 27, hemopexin, TNF, histopathology score, and fatty acid data were analyzed by three-way ANOVA, with diet, Lofrin treatment, and Eimeria treatment as main effects, as well as by one-way ANOVA with diet-Lofrin-Eimeria treatment as main effect. When a main effect was significant, differences between means were determined by the least significant difference test. Data are presented as mean ± SEM.
RESULTS

Fatty Acid Composition
The fatty acid composition of the liver (Table 2) tended to reflect the dietary fatty acid composition (Table 1) . Chicks consuming the corn oil diets had significantly lower liver (n-3) PUFA than chicks consuming the fish oil diets (2.18 ± 0.11 and 25.78 ± 0.78 g/100 g diet, respectively; P < 0.0001) and greater liver (n-6) PUFA (39.20 ± 0.61 and 15.51 ± 0.28 g/100 g diet, respectively; P < 0.0001). The corn oil diets also decreased (n-3):(n-6) PUFA ratio of the liver (0.06 ± 0.002 and 1.66 ± 0.04 g/100 g diet, respectively; P < 0.0001) and total saturated fatty acids (40.39 ± 0.44 and 42.75 ± 0.38 g/100 g diet, respectively; P < 0.0005). Relative to the untreated controls, Lofrin treatment decreased (n-3) PUFA (14.22 ± 2.98 and 12.10 ± 2.93 g/100 g diet, respectively; P < 0.006), (n-6) PUFA (28.88 ± 2.89 and 27.00 ± 3.08 g/100 g diet, respectively; P < 0.004), and total PUFA (43.67 ± 0.39 and 39.71 ± 0.95 g/100 g diet, respectively; P < 0.007), and increased total monounsaturated fatty acids (MUFA) (12.66 ± 0.60 and 16.12 ± 0.99 g/ 100 g diet, respectively; P < 0.008). Liver fatty acid composition was not significantly altered by Eimeria challenge (P > 0.20).
Performance Characteristics
The fish oil diets resulted in a slight but nonsignificant (P < 0.06) increase in growth rate during the course of the entire experiment (37.49 ± 0.55 and 36.05 ± 0.61 g per chick Means within a row with no common superscripts differ significantly (P ≤ 0.05).
1 Fatty acid analyses were carried out on a combined sample of three livers per pen, 5 pens per diet/drug/Eimeria treatment group. Data is presented as mean ± SEM; NS = not significant (P > 0.20).
2
Fatty acids are given as number of carbon atoms: number of double bonds, followed by the position of the first double bond relative to the end methyl carbon (n); ND = not detectable. per d, respectively) compared to the corn oil diets (Table  3) . Eimeria infection did not affect body weight gain across diet and Lofrin treatments, indicating that the challenge was not severe or the time course was not long enough to detect differences. A diet by Eimeria interaction (P < 0.05) over Days 3 to 27 indicated that Eimeria infection decreased body weight gain in chicks fed the corn oil diet, but not in chicks fed the fish oil diet. Comparison of individual treatments by one-way ANOVA indicates that Eimeria-infected chicks fed the corn oil diet without Lofrin gained less weight than all other treatment groups (P < 0.03); addition of Lofrin to the diet abrogated the deleterious effect of Eimeria infection on body weight gain of chicks fed the corn oil diet. All other treatment groups had body weight gains that were not different from each other. Mortality during the experiment was 2% and was unrelated to treatment or Eimeria infection. The fish oil diets resulted in greater feed consumption than the corn oil diets during Days 24 to 27 (102.49 ± 2.00 and 95.60 ± 1.83, respectively; P < 0.02) and Days 3 to 27 (64.76 ± 0.92 and 62.07 ± 0.65, respectively; P < 0.02) ( Table  4) . Lofrin treatment of chicks that consumed the corn oil diets resulted in decreased feed intake from Days 15 to 23, whereas birds fed fish oil did not decrease their feed intake due to Lofrin treatment (P < 0.02 for diet by Lofrin interaction). This interaction was also seen during Days 24 to 27 (P < 0.04) and over the course of the entire experiment (P < 0.01). Comparison of individual treatments by one-way ANOVA indicates that Eimeria-infected chicks fed the fish oil diet without Lofrin had the highest feed consumption, and the Eimeria-infected chicks fed the corn oil diet with Lofrin had the lowest feed consumption from 3 to 27 d (P < 0.02).
Not infected
Eimeria-infected
During Days 3 to 27 and 24 to 27, there was a diet by Lofrin interaction (P < 0.01), in which Lofrin increased feed conversion efficiency (FCE) of chicks fed the corn oil diets, but not the fish oil diets (Table 5) . Over the course of the entire experiment, the significant main effect for Lofrin indicates that it increased FCE irrespective of the dietary oil type or Eimeria infection (0.59 ± 0.01 and 0.57 ± 0.01 with and without Lofrin, respectively; P < 0.04). The diet by Eimeria interaction was not significant (P < 0.06); however, birds fed corn oil and infected with Eimeria had lower FCE than the uninfected controls, although coccidial infection did not decrease FCE of birds fed fish oil. There was a significant Lofrin by Eimeria interaction, indicating that coccidial infection decreased FCE in the absence but not the presence of Lofrin (P < 0.02). The lowest FCE was observed in Eimeria-infected chicks fed the corn oil diet without Lofrin.
Indices of Inflammatory Response
Plasma hemopexin levels of chicks fed fish oil were significantly higher (P < 0.001) than those of the birds fed corn oil across Lofrin and Eimeria treatments (Table 6) . Hemopexin levels were not significantly altered by either Lofrin or Eimeria treatments. Plasma TNF levels were lower in chicks fed fish oil than in those fed corn oil across all other treatments (32.79 ± 2.12 and 43.00 ± 3.86, respectively; P < 0.03). Neither Lofrin nor Eimeria infection affected circulating levels of TNF (Table 6 ).
TABLE 4. Effect of diet and Eimeria on feed consumption 1
a-c Means within a column with no common superscript differ significantly (P ≤ 0.05). 1 Mean ± SEM of five pens per treatment. 2 From Days 3 to 14, chicks received one of two dietary treatments. 3 From Days 15 to 23, chicks received one of two dietary treatments and one of two Lofrin Treatments (2 × 2 factorial arrangement). 4 From Days 24 to 27, chicks received one of two dietary treatments, one of two Lofrin treatments, and one of two Eimeria treatments (2 × 2 × 2 factorial arrangement). Treatment is the data analyzed as a one-way ANOVA (combination of Diet, Lofrin, and Eimeria).
5 Treatment = analysis of the eight treatments by one-way ANOVA. 
Histopathology
Histopathologic examination of cecal tissues is summarized in Table 6 . Mean scores of ceca from three birds per pen ranged from 0.33 to 2.67, although coccidial parasites were only rarely observed. Mild inflammatory cell infiltration into the mucosa of broiler ceca is common, even in uninfected birds, as can be seen from the scores of uninfected chicks in this study. Eimeria infection increased (P < 0.0001) lesion score in all dietary and Lofrin treatment groups, suggesting that, although the challenge was mild, the parasites still elicited a response from the infected chicks. There was a diet by Lofrin by Eimeria interaction (P < 0.02), indicating that Lofrin decreased the extent of TABLE 6. Effect of diet and Eimeria on Plasma tumor necrosis factor (TNF) activity, hemopexin levels, and cecal lesion scores 1 a-c Means within a column with no common superscript differ significantly (P ≤ 0.05). 1 Mean ± SEM of five pens per treatment. 2 Scores: 0 = no lesions; 1 = milk inflammatory cell infiltrate in the mucosa with intact epithelium and no submucosal or muscularis involvement; 2 = extensive mucosal inflammatory cell infiltration and submucosal edema; 3 = as described in (2) above with inflammatory cell infiltration extending into the muscularis; and 4 = destruction of mucosa with necrosis and hemorrhage.
3 Treatment = analysis of the eight treatments by one-way ANOVA. inflammatory cell infiltration in chicks fed corn oil, but increased inflammatory cell infiltration the chicks fed fish oil. Interestingly, the chicks fed the fish oil diet with Lofrin had lesion scores similar to those of the chicks fed corn oil without Lofrin, yet they grew significantly faster.
DISCUSSION
The inclusion of dietary fish oil resulted in a very large increase in liver (n-3) PUFA content at the expense of (n-6) PUFA, especially C 20:4(n-6) . In this study, the (n-3):(n-6) PUFA ratios in liver were greater than that in the diet for all treatment groups, especially for the chicks fed fish oil, indicating either a preferential incorporation of (n-3) PUFA into tissue (Garg et al., 1988) , or a preferential retention of these fatty acids in the tissue relative to the (n-6) PUFA. Broughton et al. (1991) reported similar increases in (n-3):(n-6) PUFA ratios of liver phospholipids of rats in response to increasing dietary sardine oil at a constant level of dietary fat.
Typical responses to coccidial infection include decreased body weight gain, decreased feed consumption, and poorer conversion of feed to body weight (Adams et al., 1996a,b) . In this study, these effects were not observed in chicks that were given either fish oil or Lofrin. The only birds responding to Eimeria infection with decreased performance were those fed corn oil diets not supplemented with Lofrin. Both Lofrin treatment and dietary fish oil would be expected to decrease the potency or production of 5-lipoxygenase metabolites, and corn oil would be expected to increase it. Our observations support the efficacy of modifying eicosanoid metabolism in preventing the growth-suppressive effects of Eimeria infection. It is interesting that the effects of fish oil and Lofrin were not additive. It may be that Lofrin blockage of 5-lipoxygenase pre-empts any effect of fish oil-induced alterations in LTB metabolism, yielding no additional effect in birds fed diets containing both fish oil and Lofrin. Zhang et al. (1995) demonstrated that chicken peripheral blood leukocyte-derived macrophages produce TNF-like activity in response to an Eimeria challenge. In our study, Eimeria infection did not result in altered levels of TNF. This result may be due to the sampling time (3 d postinfection) missing the peak of acute phase TNF release, which typically occurs early in the acute phase response (Somers and Erickson, 1994) . Feeding fish oil decreased TNF, indicating reduced inflammatory processes even in the absence of overt infections. Dietary fish oil suppressed circulating TNF activity in humans for 20 wk following a 6-wk supplementation period (Endres et al., 1989) . Fish oil diets have also been shown to decrease the production of TNF in mammalian cells in vitro in response to lipopolysaccharide stimulation (Billiar et al., 1988; Endres et al., 1989) . Dietary fish oil also decreases the peripheral actions of TNF; for example, it decreases the anorexic effects of an i.p. injection of TNF into rats relative to those fed corn oil (Mulrooney and Grimble, 1993) . Blockade of the cyclooxygenase pathway by indomethacin abrogates the febrile response of rabbits to injection of TNF (Dinarello et al., 1986) . Dietary fish oil would also be expected to decrease products of the cyclooxygenase pathway, which might also decrease the detrimental systemic effects of coccidial infection.
There was little relationship between the severity of cecal inflammation and the growth rate of chicks fed the different diets. Even though the birds in the fish oilLofrin-Eimeria treatment had a high inflammatory response, as indicated by hemopexin and histopathology data, this group performed as well or better than chicks in other treatment groups that had lower indices of inflammation. Allen et al. (1996) reported that diets with fish oil at 2.5 or 5.0% of the diet decreased the severity of lesions associated with experimental Eimeria tenella infection. Their infectious model resulted in considerably greater lesions than we observed and this may explain why they observed a beneficial effect of fish oil on lesion severity but we did not. Similar to our results, they did not observe a relationship between the severity of lesion scores and weight gain.
Although the mechanism of action is not yet clear, (n-3) PUFA from fish oil decreased the growth-suppressive effects of a mild coccidial infection in this study. Blockade of the 5-LO pathway also decreased susceptibility, although these effects are not additive. Indices of inflammation, such as hemopexin and the extent of immune cell infiltration into infected epithelium, were not related to the beneficial effects of Lofrin and fish oil, indicating that the benefit of these treatments may come from blunting the systemic response of the birds to proinflammatory mediators.
